Introduction
Habitat fragmentation by transport networks and consequential secondary development has become one of the most serious global threats to biological diversity (EEA 2002; Iuell and others 2003; Laurance and others 2009; Benítez-López and others 2010) . With more than 100 million km of roads worldwide (CIA 2008) , the road network plays a main role in shaping the environment. Road effects have been widely studied and include biodiversity decline, environmental degradation, alteration of ecological processes and ecosystem services, and increases in both extinction and outbreak probabilities (Forman and Alexander 1998; Trombulak and Frissell 2000; Forman and others 2003; Fahrig and Rytwinski 2009) . By acting as a barrier, roads isolate populations, reduce the overall landscape connectivity and restrict (or even block off) gene flow for a wide variety of taxa (Keller and others 2004; Epps and others 2005; Riley and others 2006; Balkenhol and Waits 2009) . In a long term, this loss of genetic diversity and connectivity increases the extinction risk of populations and, reduces their ability to adapt to future global changes. In general, these effects are synergistic, extremely complex, cumulative and time-lagged (Forman and Alexander 1998; Findlay and Bourdages 2000; McGarigal and others 2001; Forman and others 2003) .
The spatial influence of these effects (''road-effect zone'') ranges from a few meters to kilometres (e.g., Forman and Deblinger 2000) . When taking into account this road area-of-influence, about one fifth of the land in USA and the Netherlands is ecologically affected by the road system (Reijnen and others 1995; Forman 2000) . Estimates indicate that only 18% of the USA lands are more than 1 km away from the closest road (Riitters and Wickham 2003) . Not only major roads, but also minor and unpaved roads may have a considerable impact on the environment (e.g., van Langevelde and others 2009). This may be especially true when crossing natural habitats. Natural areas are being increasingly fragmented by a rapidly expanding transport network, together with urban sprawl (EEA 2006 (EEA , 2010 . In the case of USA forests, estimations yield about 11% of all forest located within 85 m of a road (Riitters and Wickham 2003) .
The secondary impacts of roads account for an even more serious threat to biodiversity and ecosystem resilience. Land use and transport networks are interdependent in complex ways (Wilkie and others 2000; EEA 2006; Müller and others 2010) . Roads facilitate human access into formerly remote areas, accelerating land use change, habitat degradation and biodiversity loss, due to an increase in hunting, poaching, fishing, tourism, logging, mining, fires and urbanization (Trombulak and Frissell 2000; Wilkie and others 2000; Hawbaker and others 2006) . Urban development and sprawl are strongly linked to transport networks, also in rural and natural environments (Wilkie and others 2000; EEA 2006; Müller and others 2010) . Thus, the density of transport infrastructures is a good indicator of the intensity of human activities and their impacts on biological diversity, and can be taken as a proxy for general disturbance levels (e.g., Wilkie and others 2000; Sanderson and others 2002; Hawbaker and others 2006; Theobald 2008; Laurance and others 2009) . Anthropogenic disturbances, in general, cause stress and reduce resilience and adaptive capacity of populations and species. This is of special concern in the context of climate change, which is increasing local extinction rates and forcing latitudinal and elevational shifts in species ranges (Walther and others 2002; Parmesan 2006) .
Europe, as the cradle of industrialization and vehicular transport, is probably the continent most highly fragmented by transport infrastructures. Especially the EU-12 countries (Austria, Belgium, Denmark, Finland, France, Germany, Ireland, Italy, Luxembourg, Netherlands, Sweden, United Kingdom), historically highly developed and crowded, constitute the epicenter of habitat conversion and fragmentation (Pullin and others 2009 ). The quality of road data is inconsistent across Europe. It would be informative, for example, to differentiate between urban and rural roads, as well as among road types (motorways, highways, minor roads). However, such specific data are available only regionally or even locally. Taking into account these constraints, the following examples convincingly highlight the issue raised in this paper. The total length of roads belonging to the ''Trans-European Transport Network'' (TENT-T, a subset of the continent's overall road network targeted to support the economical integration of the EU) in 2005 was 98,500 km, of which 78% corresponded to roads in EU-15 countries (EU-12 plus Greece, Portugal, Spain, data from TINA 2008). In a 10-year period (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) the length of ''motorways'' has increased by more than 13,000 km in the EU countries (Steer Davies Gleave 2009). While EU plans imply slight increases of its total length, planned upgradings would increase the proportion of ''motorways'' in the network from 49% (2005) to 63% (2020). The land dedicated to transport networks continues to increase in the whole EU. In the period 1990-1998 approximately 10 ha of land were taken for new motorway construction every day in the EU-15 (EEA 2002). For example, in the Netherlands, on average 1 km 2 of land is crossed by 3 km of asphalt road (EEA 2002) ; and the average size of polygons enclosed by the network of all roads is 1.14 km 2 (van Langevelde and others 2009). In Belgium, transport infrastructure already occupies more than 4% of the country's surface area (EEA 2002) .
The environmental consequences of this process may be different in the already highly fragmented EU-15 and in the New Member States (accessions from 2004; Bulgaria, Cyprus, Czech Republic, Estonia, Hungary, Latvia, Lithuania, Malta, Poland, Romania, Slovakia, Slovenia, EU-27) with a lower density of roads and generally harbouring relatively well-preserved biodiversity and ecosystems, but where transport infrastructures are developing quickly after their accession. Fragmentation by transport infrastructures in Hungary and in the Czech and Slovak Republics are already more severe than the EU-15 average. In the 1990s, total motorway length doubled in the New Members (2300 km built), while in the EU-15 it increased by almost one third (12000 km built, EEA 2002). The average size of contiguous land units not cut through by ''major'' transport infrastructures in the New Members (174 km 2 , EEA 2002, data from 1998) is still above the average of the EU-15 (121 km 2 ). However, differences between individual EU Member States are more pronounced; Finland, and Scandinavian countries in general, being the least fragmented in the continent, followed by countries in the Carpathian region. Mountainous countries, like Italy or Austria, still maintain relatively large unfragmented patches (EEA 2002) .
Thus, it seems reasonable to hypothesize that the few areas of low or no road fragmentation still existing in Europe might be an important focus of future conservation efforts. In this paper, the term ''roadless areas'' refers to relatively large areas without any roads, whereas areas containing only roads with low-traffic intensity, below an established limit, are termed ''low-traffic areas'' (see definition below). Our main goal is to bring attention to the conservation value of roadless and low-traffic areas in Europe, specifically in the EU. We aim at (1) describing the benefits of roadless and low-traffic areas for biodiversity conservation; (2) exploring how these areas are valued and considered in European legislation; (3) assessing how lowtraffic areas are protected as Natura 2000 sites in Germany, as a case study, comparing the western and eastern parts of the country; and, (4) discussing the potential role of roadless and low-traffic areas to strengthen the effectiveness of the Natura 2000 network, especially in the context of climate change and the unaccomplished goal of halting biodiversity loss by 2010 (EU 2001; EC 2010) , as well as their integration into legal instruments and transport policies.
Importance of Roadless and Low-Traffic Areas in Biodiversity Conservation
Roadless areas and, to a lesser extent, low-traffic areas, represent relatively undisturbed natural habitats and functioning ecosystems. As at low traffic intensity, road impacts, such as the barrier effect for fauna, wildlife disturbance or pollution, are dampened (Iuell and others 2003; Jaeger and others 2006; Theobald 2008; Charry and Jones 2009) , it is sensible to assume that low-traffic areas may also represent sites of high conservation value, especially in Europe, a human-dominated landscape. Under this scenario, the ecological benefits described for roadless areas, which have been the focus of most research, may well apply to low-traffic areas as well.
Scientific evidence shows that roadless areas are critical in maintaining biodiversity, ecosystem processes, connectivity and overall ecosystem integrity. Large, wellconnected patches increase landscape connectivity and complement the network of protected areas (e.g., DeVelice and Martin 2001; Loucks and others 2003; Crist and others 2005) . Thus, roadless areas sustain important elements of ecosystem integrity, such as the ability of species to move and natural processes to function. They largely contribute to the preservation of native biodiversity and contain more species and individuals, species with large spatial requirements (e.g., top carnivores), and species sensitive to human disturbance (Haskell 2000; Watkins and others 2003; Angelstam and others 2004; Blake and others 2008; Chen and Roberts 2008) . They have the potential to ensure sufficient habitat for viable populations of species of conservation concern, as well as to increase the representation of rare ecological communities (Strittholt and DellaSala 2001; Loucks and others 2003; Crist and others 2005) . They serve as a barrier against pests, diseases (of wildlife, livestock and humans, e.g., the Lyme disease) and invasive species ( Roadless and low-traffic areas are of special importance in the context of climate change because they are more resilient than areas more fragmented by roads, and because they have a vast buffering capacity (McGarigal and others 2001) . Their ecosystem dynamics are still internally driven, as opposite to the dynamics of fragmented patches, which are predominantly driven by external forces (Saunders and others 1991) . Ecosystems already fragmented and stressed by human activities will be more vulnerable to climatic threats, while large intact areas better resist and recover from climate change impacts (Markham 1996; Laurance and Williamson 2001; Noss 2001; Opdam and Wascher 2004; Ferguson and others 2008) . These relatively undisturbed habitat patches can facilitate movements of organisms in the case of climate-forced range shifting. In general, they may represent ''havens'' for many species that are displaced from former habitats (Noss 2001; Lovejoy 2006) . By slowing the rates of changes, moderating local climate, and being more diverse and resilient, roadless and low-traffic areas may contribute to mitigate the effects of species phenology changes and trophic Environmental Management (2011) 48:865-877 867 mismatches caused by climate change (Parmesan 2006) , and to facilitate species adaptation. Especially when comprising forest ecosystems or peatlands, roadless and low-traffic areas can play an important role in carbon fixation. Undisturbed habitats may be better players in carbon sequestration than their fragmented and degraded counterparts (Harmon and others 1990; Laurance and Williamson 2001; Ferguson and others 2008; Luyssaert and others 2008) . It should be a relevant hypothesis to test that relatively carbon-rich ecosystem types in roadless and low-traffic areas store more carbon for maintaining a less stressed and thus more functional status. In the case of forests, in areas with poor access (e.g., in remote mountain areas), the amount of deadwood and soil carbon should be higher. Roadless and low-traffic areas also provide protection against the impacts of storm events, like flooding or landslides, and wildfires (lower fire risk and higher resilience; USDA Forest Service 2000 Service , 2001 DellaSala and Frost 2001; Laurance and Williamson 2001; Ferguson and others 2008) . These relatively intact areas contribute to floodplain protection and drought abatement, as well as to maintain local climates stables and buffering weather extremes. The social and economic benefits of roadless and low-traffic areas, such as recreation, have also been well documented (Noss 1991; Loomis and Richardson 2000; Krieger 2001 ).
Roadless and Low-Traffic Areas in the European Legislation
Roadless and low-traffic areas, as lands with a relatively low human footprint and good conservation status, have been considered a priority in regional conservation planning in several countries outside Europe. For example, in Bolivia, various conservation planning exercises on regional and national scales followed a functional approach and integrated roadless areas as surrogates for functional conservation targets, such as ecosystem processes and emergent features of biodiversity, especially required in the face of environmental change (viability, resilience and adaptive capacity; Ibisch and others 2005) . However, the most ground-breaking initiative and important precedent has been the U.S. Roadless Area Conservation Rule of 2001. It stated that 237,000 km 2 within the U.S. National Forest System (2% of US continental land) will remain roadless and protected from most forms of timber extraction. The two inventories of roadless areas, RARE I and RARE II, included unfragmented patches larger than 2024 ha (an important part of which was designated as Wilderness) and 405 ha, respectively (see USDA Forest Service 2001; Strittholt and DellaSala 2001; Turner 2006 Turner , 2009 
for details).
In Europe, initiatives specifically restricting road development in natural areas and giving special attention to the protection of roadless and low-traffic areas have hardly been launched. The centerpiece of the EU nature conservation policy is the Natura 2000 network, which consists of Special Protection Areas and Special Areas of Conservation delineated according to the provisions of the Birds and Habitats Directives, respectively (79/409/ EEC and 92/43/EEC, see Pullin and others 2009). Although both European Directives oblige the Member States to take the appropriate measures to maintain the integrity of Natura 2000 sites and to guarantee the longterm persistence of species and ecosystems, in practice they face enormous difficulties in avoiding habitat fragmentation. Very illustrative are recent conflicts like the planned construction of the Via Baltica express-way through the Biebrza marshes, the unique Rospuda mire and two large natural forests in northeastern Poland (EEA 2006) . Moreover, a high proportion of Natura 2000 sites is already in close proximity to major transport infrastructures and/or will be potentially affected by the future development of the European transport network (Fisher and Waliczky 2001; EEA 2002) .
We conducted an exploration of European legal instruments, ranging from selected national laws to EU nature conservation directives and European conventions (Table 1 , see supplementary material (Appendix) for detailed description of the laws). Only one of the explored laws considered roadless or low-traffic areas as a conservation target, although, paradoxically, the majority of them aimed at protecting other targets which are inherently and intimately related to fragmentation like connectivity, ecosystem processes or integrity. One important finding is an apparent conceptual shift from mere species and habitat protection (e.g., Bern Convention 1979) to more holistic approaches of ecosystem conservation, including processes, functions and aspects of integrity. We especially consider the Carpathian Convention (2003) that explicitly addresses regulations of traffic impacts and development, and encourages the parties to develop sustainable transport policies. Only very recently, Germany established that ''traffic and energy infrastructure and similar projects shall be integrated so that fragmentation and consumption of the landscape as well as ecological impairment is avoided or reduced to a minimum'' (Federal Nature Conservation Act from 29 July 2009; Table 1 ). In spite of the apparent trend that European nature legislation is starting to consider minimising fragmentation by transport infrastructures, it is unfortunate that neither the EU nor the large majority of national laws recognise the significance of areas with low levels of fragmentation by roads in their conservation policies. 
Roadless and Low-Traffic Areas and Natura 2000: Germany as a Case Study
Germany is one of the largest European countries, located in the center of the continent, including a wide variety of biogeographical regions. It particularly exemplifies different situations in European nature conservation. After World War II, Germany was divided into the Federal Republic of Germany (western Germany) and the German Democratic Republic (eastern Germany); in 1990 they were unified again. Differences in natural conditions, history, political regimes, social models and economic development between eastern and western Germany illustrate well the differences between the so-called ''western'' and ''eastern Europe,'' once separated by the Iron Curtain. Germany lies in the transition zone between these two parts of Europe (Fig. 1) . It reflects somehow different situations between the highly developed and industrialized countries in EU-15 and the New Member States, more rural and less fragmented by transport infrastructures. These two German regions also show strong differences in population density; the ''old'' Federal States (former Federal Republic of Germany) have almost twice the population density of the ''new'' Federal States (former German Democratic Republic). Germany is the first European country where data on the distribution and size of low-traffic areas have become available. The German Federal Agency for Nature Conservation conducted a first inventory of large areas not cut by major transport infrastructures (BfN 2008) , whose data were used for the present study (Federal Agency for Nature Conservation, technical data on Natura 2000 from 2008, unpublished). These low-traffic areas were defined as larger than 100 km 2 and not dissected by roads with more than 1000 vehicles per day, by railway lines (twin-track and single-track electrified lines) or by human settlements, airports or channels (with the status of a Category IV Federal waterway or above). These criteria are generally applied in Europe (e.g., Andel and others 2005; Jaeger and others 2007; BfN 2008). Although further research to identify threshold values for traffic volumes are needed, the value of 1000 vehicles per day seems to be an acceptable synthesis of the current ecological evidence and models Although the Natura 2000 network covers an important proportion of the country (16%; Table 2; Fig. 2) , most lowtraffic areas (75%) lie outside the network and thus remain without protection. This proportion is higher for the old Federal States (western Germany), where only one fifth of low-traffic patches are protected. The new Federal States are much less fragmented, and about 45% of its surface consists of low-traffic areas, as against 18% in the old Federal States. They also contain a relatively larger proportion of sites designated as Natura 2000. More than half of the Natura 2000 sites in Germany lie outside low-traffic areas, especially in the old Federal States (72% of the sites; Table 2 ). Natura 2000 sites are highly fragmented, and often they consist of several subareas, many of which have a very small size. Almost 64% of these subareas classified as Special Areas of Conservation are less than 50 ha (Fig. 3) . In the case of the Special Protection Areas these figures are better (27%). In general, Special Areas of Conservation comprise smaller subareas; only 4% of them cover more than 1000 ha, against 26% in the case of Special Protection Areas (Fig. 3) .
Discussion: Roadless and Low-Traffic Areas as a Key Element of European Conservation Policy
Biodiversity continues to decline in Europe in spite of considerable conservation efforts carried out by administrations as well as non-governmental organisations (EC 2010) . The unaccomplished target of halting biodiversity loss by 2010 (EU 2001; EC 2010) calls for additional conservation measures to be put into practice as soon. Fruit of this concern are recent initiatives of the European Commission on defining targets beyond 2010, developing ''Green Infrastructures'' or scaling up efforts to protect wilderness (EP 2008 (EP , 2009 EC 2011a, b) . The need to strengthen the Natura 2000 network and adapt it to the rising challenges of climate change has also been highlighted. In this context, ecosystem resilience and landscape connectivity are key goals that should be reinforced (EP 2010a, b) . The MACIS report (Berry and others 2008) states that to prevent and minimise future impacts of climate change on biological diversity in the EU, the minimization of fragmentation and the creation of connectors between protected areas is of extreme importance. Therefore, maintaining unfragmented large patches of natural habitats, i.e., roadless and low-traffic areas, seems a prudent strategy under any climate change scenario.
The capacity of an ecosystem to preserve its integrity and biodiversity increases in large habitats that are well connected and which are far from the influence of external disturbances (e.g., Fahrig and Merriam 1985) . We feel that there is enough evidence of the benefits of roadless and low-traffic areas for nature conservation, especially in the context of global change. They represent sites with low human footprint, a high level of ecological integrity, and thus, intact ecosystem functioning and ongoing ecological processes, which translates into higher resilience and adaptive capacity. Even in densely populated and intensively used landscapes, like Germany, the remaining roadless and low-traffic areas may be of enormous value in supporting resilience and adaptive capacity of the biodiversity. In many areas of Europe, it is probably too late to conserve roadless areas sensu stricto to a substantial extent. In this context, the last remnants are of special value, much more if they are primeval or close to a natural state. Although the importance of keeping unfragmented large patches of natural habitats is increasingly recognised (e.g., Jaeger and others 2006; Charry and Jones 2009; Benítez-López and others 2010), more research on the ecological benefits of both roadless and low-traffic areas in Europe is deemed necessary. Such research efforts should be accompanied by improving the quality and availability of road data (e.g., across road types-unpaved roads included-or differentiating between urban and rural roads) and securing data coverage for the entire continent. Conservation policies should focus not only on tangible elements, like species or habitats, but also include surrogates (such as roadless areas) of more abstract conservation targets, like ecosystem functioning, ecological processes or ecosystem services.
The identification and inventory of the roadless and lowtraffic areas in Europe should be a top priority. A detailed inventory of these areas, based on sound and concrete criteria, and more detailed estimations of the level of fragmentation by roads in Europe shall form the basis for a proper assessment of the magnitude of the problem. Given Fig. 3 (Gontier and others 2006; Roedenbeck and others 2007) . As a second step, inventoried roadless and low-traffic areas should be considered in European legal instruments in a more explicit way. Fortunately, European legislation has just started to take them into account. In this sense, the recent Carpathian Convention and the German Federal Conservation Act are among the most progressive legal instruments in Europe (see Table 1 ). The urgent need to protect large, undisturbed habitat patches in Europe is increasingly recognized also at the political level. In February 2009, the European Parliament adopted the Report on Wilderness in Europe (EP 2008 (EP , 2009 ) that calls on the Commission for better protection of wild areas, as a means for climate protection and maintenance of ecosystem services and biodiversity. In this context, a ''roadlessness'' criterion for the designation of those wild areas in Europe would be highly recommended. Another possible step would be to include roadless and low-traffic areas in the Habitats Directive, either within a new annex of functional targets complementing and facilitating the adaptation of the Natura 2000 network to climate change, or even as a new category of site. Whether a special protection category or designation of these areas is needed or not, large natural areas without roads are protected de facto. Mirroring the US legislation, the main goal would be to protect roadless and low-traffic areas from further road development, namely building new roads, increase of traffic volume on existing small roads and use of off-road vehicles. Inclusion of roadless and low-traffic areas in the national and EU Biodiversity Strategies would also be desirable.
Only after being inventoried and receiving a ''legal status'', roadless and low-traffic areas could be properly integrated into transport and spatial planning. The Environmental Impact Assessment (EIA, 85/337/EEC) and the Strategic Environmental Assessment Directives (SEA, 2001/42/EEC) are essential instruments to assess the impacts from transport infrastructures and for the integration of ecological issues into spatial planning; however the quality of ecological assessments is still limited (e.g., inappropriate criteria and methods, local approach, lack of integration between ecological and landscape assessments, Gontier and others 2006; Joumard and Nicolas 2010) . The consideration of biodiversity in environmental assessments requires a holistic approach, i.e., to scale-up to the ecosystem level and to link local and global aspects (Gontier and others 2006; Joumard and Nicolas 2010) . A concrete step towards the accomplishment of this vision will be to consider roadless and low-traffic areas in environmental assessments.
Bearing in mind the strong meaning of the term (e.g., Joumard and Nicolas 2010), a sustainable and conservation-sound planning of the European transport network should take into account the still existing roadless and lowtraffic areas. Especially in the New Member States, containing highly valuable areas but where transport networks are developing at a brisk pace, more sustainable transport policies are necessary. Research shows that, whenever possible, the design of new routes should avoid dissecting remote and roadless areas (Jaeger and others 2006; Forman 2007; Charry and Jones 2009; Benítez-López and others 2010) . Studies on road animal mortality, population persistence and road configuration (Jaeger and others 2006; Charry and Jones 2009 ) support the ''bundling traffic'' concept, concluding that (1) the road network should leave areas as large as possible free from disturbances due to traffic, (2) traffic should be concentrated on highly travelled roads, and (3) when traffic cannot be combined on one road, it is better to bundle roads close together than to distribute them evenly across the landscape. Thus, in natural areas with low level of fragmentation and human footprint (e.g., crossed by small roads), the general recommendation is to prevent increases in traffic volume (Charry and Jones 2009) .
When avoidance of habitat fragmentation is not possible, mitigation measures and strategies to maintain landscape connectivity, like ecological corridors, should be designed (Iuell and others 2003) . Wildlife passages are among the most popular measures to reduce the barrier effect. So far, scientific evidence of their effectiveness from a genetic point of view is still needed (Corlatti and others 2009) . In minor roads, traffic calming is another type of intervention used to mitigate negative impacts by reducing traffic volumes and speeds, and which has been shown to increase the persistence on animal populations in areas with a dense road network (van Langevelde and Jaarsma 2009). Road closure, especially in remote areas, has also been suggested as a measure to decrease fragmentation (Berry and others 2008; Charry and Jones 2009) . Integrated solutions are obliged to include urban planning. Given the magnitude of urban sprawl in Europe, also affecting natural habitats (EEA 2006) , an equally important goal should be to impede secondary effects along existing roads in roadless and low-traffic areas. This is of high concern in countries lacking spatial plans in most of their surface (e.g., Poland) and where roads are inevitably followed by urban development. The implementation of sustainable development schemes at large spatial scales, linking long and short terms, as well as local and global issues, would prevent the degradation of the integrity of roadless and low-traffic areas and thus, of their contribution to ecosystem and landscape resilience. Clearly, in the preservation of roadless areas and sustainable development of low-traffic areas, synergies of nature conservation and other societal goals are manifold. Just to name a few examples, traffic calming also benefits health and wellbeing (less accidents, noise and pollution), and water provision to society generally improves in volume and quality with the functionality of roadless and low-traffic areas (e.g., van Langevelde and Jaarsma 2009). Such synergies make roadless areas and low-traffic areas worth considering by a variety of stakeholders beyond the conservation community. With broader societal support, their conservation may considerably gain political momentum.
Roads have brought benefits to human societies for centuries. In the current situation of road encroachment, biodiversity crisis and global and climate change, roadless and low-traffic areas may far exceed roaded areas in the benefits provided. We call for a pan-European conservation strategy defining relatively unfragmented and low-footprint areas (''roadless and low-traffic areas'') regardless of their biotic characteristics as conservation targets. Further scientific evidence on their ecological benefits and further research to answer key questions in road ecology regarding low-traffic and roadless areas under the different conditions in European countries is urgently needed. Conservation scientists and administrations should join forces to halt the loss of biodiversity in Europe, to keep healthy and resilient ecosystems and to preserve the services they provide. Preserving the last roadless and low-traffic areas in Europe is a timely post-2010 target.
